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Abstract: Glass with embedded spherical silver nanoparticles of ~15 nm in 
radius contained in a layer with thickness of ~20 µm was irradiated using a 
nanosecond (36 ns) pulsed laser at 532 nm. Laser irradiation led to the 
formation of a thin surface film containing uniformly distributed 
nanoparticles - with an increase in the overall average nanoparticle size. 
Increasing the applied number of pulses to the sample resulted in the 
increase of the average size of the nanoparticles from 15 nm to 35 – 70 nm 
in radius, and narrowing of the surface plasmon band compared to the 
absorption spectra of the original glass sample. The influence of the applied 
number of laser pulses on the optical and structural properties of such a 
recipient nanocomposite was investigated. 
©2014 Optical Society of America 
OCIS codes: (140.3390) Laser materials processing; (160.4236) Nanomaterials; (160.4670) 
Optical materials; (160.2750) Glass and other amorphous materials. 
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1. Introduction 
Glasses embedded with noble metal particles are of particular interest due to their unique 
linear and nonlinear optical properties; these properties can be tailored by manipulating the 
physical characteristics of the nanoparticles making them promising candidates for many 
applications in optoelectronics [1–12]. The manipulations are primarily made possible owing 
to the surface plasmon resonances (SPRs) of the metallic nanoparticles. The optical properties 
of the glass composites are dominated by the SPRs which are specific for different metals and 
different types of surrounding matrix, while also being heavily dependent upon size, shape, 
spatial distribution and concentration (i.e. volume filling factor) of the metal inclusions [5–7]. 
Recently, we have shown that the shape modification of metallic nanoparticles in glass can be 
achieved with the use of intense ultrashort (femtosecond or picosecond) laser pulses [8, 12–
14]. As a result of these interactions the mechanical shape of the particles is modified from 
spherical to elliptical leading to the observation of optical dichroism in the nanocomposites. 
The aim of the presented work here was to experimentally study the interaction of 
nanosecond pulsed lasers with glass containing embedded silver nanoparticles. Although 
similar experiments have been carried out in this area [15–17], in all cases the authors 
employed laser annealing of silver ions in glass to successfully reduce the produced 
nanoparticle sizes and, as was reported in [18], produce slight changes in the processing of 
these materials with varying outcomes. The base material used in our experiments have been 
furnace annealed prior to laser processing and so the purpose of the experiments was to 
investigate the interaction between nanosecond laser pulses and glass with embedded silver 
nanoparticles as opposed to silver ions [15–17]. To the best of our knowledge there are no 
reports on the interaction of nanosecond laser pulses with glass containing embedded silver 
nanoparticles. In this contribution, we investigate the optical and structural changes induced 
in silver-doped nanocomposite glass after nanosecond pulsed laser irradiation. We also 
examine the effect, dependency and importance of the number of pulses per spot fired into the 
nanocomposite, on the laser’s ability to manipulate the size and spatial distribution of the 
nanoparticles in a single step. 
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2. Experimental methods 
Soda-lime float glass (comprising in wt.-%: 72.5 SiO2, 14.4 Na2O, 6.1 CaO, 0.7 K2O, 4.0 
MgO, 1.5Al2O3, 0.1 Fe2O3, 0.1 MnO, 0.4 SO3) was embedded with silver nanoparticles by a 
two stage process; Ag+-Na+ ion exchange and subsequent annealing at 400 °C in a H2 
reduction atmosphere [19]. This produced a thin surface layer of ~20 µm on both sides of the 
glass substrate, containing spherical silver nanoparticles of ~15 nm mean diameter. These 
layers are protected from the surrounding environment as they are embedded within the glass, 
around 20-30 nm beneath the glass surface. Figure 1(a) shows a scanning electron microscope 
(SEM) image of the sample surface. Single-sided samples were used in our experiments, 
made by removing the nanoparticle-containing layer from one side of the sample by etching 
in 12% HF acid. Figure 1(b) shows a typical microscope image of the depth profile of the 
embedded silver particle-containing layer. 
The sample was irradiated using a Nd:YVO4 laser, at λ = 532 nm and pulse length of τ = 
36 ns, in standard atmospheric environment (room temperature and normal pressure). The 
laser beam had a Gaussian intensity profile (M2 < 1.3) and was focused onto the sample 
surface using a flat-field scanning lens system. The diameter of the focused spot was φ ≈60 
µm. A hatch distance of 60 µm was used in order to match the diameter of the beam on the 
target. The repetition rate was kept constant, at ƒ = 50 kHz, allowing for all experiments to be 
carried out using an average laser energy fluence of ~1.5 J/cm2. The irradiated areas were 
characterised using a JASCO V-670 UV/VIS/NIR spectrophotometer, KEYENCE Digital 
Microscope VHX-1000, and a Hitachi S-4700 SEM. 
 
Fig. 1. (a) SEM image of the glass with embedded spherical silver nanoparticles of ~30 nm 
mean diameter, before irradiation. The nanoparticle-containing layer is 20-30 nm beneath the 
surface of the glass. (b) A thin slice showing the cross-section of the nanoparticle-containing 
layer. The volume-filling factor of the layer reduces to zero within 20 microns and has an 
exponential profile with the maximum just beneath the surface of the sample. The red arrow 
indicates the sample surface. 
3. Results and discussion 
Six areas, all 16 mm2 in size, were irradiated at six different scanning speeds - Fig. 2. By 
selecting appropriate scanning speeds, it was possible to vary the number of pulses being 
fired per spot, N, from 100 to 600 (in steps of 100 pulses per spot). Figure 3 shows the SEM 
micrographs of each irradiated area. Absorption spectra - Fig. 4(a) - of all six irradiated areas 
were taken and compared to the original sample area (black line). From the spectra it can be 
seen that, after irradiation, the SPR band is narrower than that of the original sample. 
Maxwell-Garnett theory suggests that this narrowing of the SPR is the result of an increase in 
the average radius of silver inclusions in the glass matrix and reduction in the volume filling 
factor of the nanoparticles [4, 14]. The spectra also show an increase in the optical density at 
longer wavelengths. This is due to the formation and subsequent increase in the thickness of 
the produced surface films after irradiation [20]. This surface film can clearly be seen in the 
image taken after irradiation (Fig. 2). The average particle sizes in each of the six irradiated 
areas were then measured from the SEM images taken and the results are plotted in Fig. 4(b). 
This plot clearly shows that with increasing applied number of pulses per spot there is an 
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increase in the average particle size. The increase in particle size is believed to be a result of 
the intense heat produced by the laser and so it is important to gain a rough estimate of the 
approximate values of temperatures that are reached during the irradiation. 
 
Fig. 2. Photograph of all six exposed areas, which were irradiated at (a) 100, (b) 200, (c) 300, 
(d) 400, (e) 500 and (f) 600 pulses per spot. In these images the silver film at the surface can be 
clearly seen against the background of silver nanoparticle embedded glass, which appears 
yellow in colour. 
 
Fig. 3. SEM images of glass embedded with silver nanoparticles after irradiation at (a) 100, (b) 
200, (c) 300, (d) 400, (e) 500 and (f) 600 pulses per spot. 
 
Fig. 4. (a) Measured absorption spectra of glass embedded with silver nanoparticles before 
irradiation (black line) and the six areas after irradiation, at a constant fluence of ~1.5 J/cm2, 
with varying number of pulses from 100 to 600 pulses per spot. (b) Plot displaying the increase 
in particle size with increasing number of pulses per spot. 
The change in temperature, as a result of irradiation, was estimated in terms of the optical 
properties of the glass used. As can be seen in Fig. 1(b), the concentration of silver 
nanoparticles, and hence the absorption coefficient, α, varies with depth, z. This variation in 
the absorption can be described in terms of the following exponential function: 
 0
2( ) exp ,zz
l
α α
− 
=     (1) 
where α0 is the absorption coefficient at the glass surface (i.e. the maximum absorption 
coefficient) and l is the thickness of the nanoparticle-containing layer. Using this equation and 
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the Beer-Lambert law, the following expression can be obtained for the change in 
transmittance, T, with depth: 
 0
0
(z) 2( ) exp exp 1 ,
2
lI zz
I l
α −  
= = −      
T  (2) 
where I0 and I(z) are the intensity of the incident light and the intensity as light varies with 
depth, respectively. When z » l, i.e. deep in the bulk of the glass, this expression simplifies to 
( )0exp 0.5 lα= −T which can be easily be rearranged to calculate α0. The transmittance, T, can 
be replaced with a simple relationship between the measured transmittance and the 
reflectivity values at each interface: (1 )(1 )m Ag gT R R= − −T , where Tm is the measured 
transmittance, ~44%, RAg is the reflectivity at the silver nanoparticle containing layer surface 
and Rg is the reflectivity at the glass-air interface and was given by the manufacturers as 4%. 
The value for RAg was taken as 14.2%, this was calculated using a similar relationship to that 
for the transmittance this time using the measured value for the reflectivity. The absorption 
coefficient at the glass surface, α0, was therefore calculated to be ~840 cm−1. 
Equation (2) can easily be rearranged for I(z), however, this would give the intensity with 
depth (z) only. On the surface of the glass (i.e. the (x,y) plane) the intensity (I(x,y,t)) is 
governed by the Gaussian distribution of the beam and so the intensity on the glass surface 
can be defined as: 
 
2 2
0 2 2
0 0
2 2( , , , ) ( ) exp ( ).x yI x y z t I t z
ω ω
 − −
= −  
T  (3) 
where ω0 is the beam radius. If we assume that the incident heat is kept in the same position, 
then the change in temperature distribution, ΔT (not to be confused with transmittance, T), 
can be calculated in terms of the change in the absorption coefficient with depth and the 
variation in intensity with (x,y,z). The change in temperature distribution, ΔT, after one pulse, 
may therefore be expressed as [21]: 
 ( ) ( )( , , ) ( , , , ) ( , ) ( ),
p p
z zT x y z I x y z t dt F x y z
C C
α α
ρ ρ
Δ = = T  (4) 
where ρ is the density, taken as 2.47 g/cm3 [17] (the value taken from the literature for silver-
ion exchange glass but should provide a reasonable estimate for surface temperature in our 
case) and Cp is the specific heat capacity (0.84 J/gK, the value for glass) [17]. Below, F(x,y) 
is the surface fluence, which is governed by a Gaussian distribution and thus may be defined 
as following: 
 
2 2
0 2 2
0 0
2 2( , ) exp ,x yF x y F
ω ω
 −
= −  
 (5) 
Returning to Eq. (4) and substituting for a(z) (Eq. (1)) and I(x,y,z) (Eqs. (2) and (3)) gives: 
 
( )0 02exp 2( , , ) (1 ) ( , ) exp exp 1 .
2Agp
z l zlT x y z R F x y
C l
α α
ρ
−  
−  Δ = − −      
 (6) 
Here, the (1-RAg) term is to compensate for energy that is lost due to reflection at the silver 
nanoparticle containing layer surface. The greatest increase in temperature will occur at the 
origin (ΔT(0,0,0)), therefore from Eq. (6) the maximum resultant temperature change after 
one pulse is ~1030 °C. This rise in temperature is well above the glass softening temperature 
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for the glass used in these experiments which is around 600 °C. This assessment is reasonable 
since we observed some melting of the glass surface in our experiments as the number of 
pulses per spot was increased. In fact, for pulse durations (typically > 0.1 ns) exceeding the 
time for heating of the medium, the heat is being absorbed and delivered in the surroundings 
simultaneously. In these cases, typically occurring during nanosecond pulse laser irradiation 
of nanoparticles, the heating duration simply equals the pulse duration [22]. This, in 
combination with the fact that pulsed (as compared to continuous wave) irradiation in the 
vicinity of the SPR band makes it possible to further confine the temperature increase to the 
vicinity of the nanoparticles, justifies the temperature estimate here to be considered as a 
model for the laser heating and melting. Hence, it is plausible that irradiation results in the 
glass, and the silver nanoparticles embedded within it, to be in a molten phase. As two 
immiscible liquids the glass and silver then undergo coalescence, leading to the well-known 
phenomenon of Ostwald ripening [23]. At irradiances well above the melt threshold uniform 
melting occurs. This results in the excitation of convective fluxes within the liquid layer due 
to lateral variations of the melt temperature. The surface tension of melt decreases with 
temperature, and liquid tends to be pulled away from hotter towards cooler regions, with 
silver drawn out to the edges of the melt meniscus. Therefore the formation of a thin film of 
silver particles is observed. This migration also increases the probability of coalescence and 
Ostwald ripening as it decreases the separation distance between the silver particles. Higher 
temperatures - as a result of increasing the applied number of pulses - lead to a further 
decrease in the interfacial tension between the silver particles and the glass allowing for more 
coalescence and Ostwald ripening to take place and as a result larger particles are formed and 
a thicker surface film is produced. In order to greater understand the results seen here 
additional experiments are required to show effects of varying other parameters besides the 
number of pulses per spot, such as volume filling factor. More advanced modelling, perhaps 
building on the work presented in [24, 25], is also needed to show precisely how the 
temperature difference changes with number of pulses per spot and to account for heat 
diffusion. 
4. Conclusion 
The modification of glass with embedded silver nanoparticles upon nanosecond (36 ns) 
pulsed Nd:YVO4 laser irradiation at 532 nm was demonstrated. Irradiation of the glass 
composite promoted the formation of a surface film of larger nanoparticles. Increasing the 
applied number of pulses to the sample resulted in the increase of the average size of the 
nanoparticles. It was shown that the increase in size is a result of the thermal interaction of the 
pulses and therefore a higher number of pulses per spot produced a greater increase in particle 
size. The temperature rise due to the irradiation process was well above that of the glass 
softening temperature, suggesting that during irradiation the glass, and silver nanoparticles 
embedded within in it are in a molten phase. This controlled localized melting and reforming 
and the simplicity and flexibility of the ns pulsed laser irradiation technique allows for the 
creation of complex, reproducible patterns of larger nanoparticles with smaller separation 
distances on glass embedded with silver nanoparticles. This allows for the tuning of optical 
and structural properties of metal-glass nanocomposites, making this process suitable for the 
production of complex optical elements and for aesthetic applications an example of which is 
shown in Fig. 5 - where by varying the number of pulses per spot different ‘shades’ were 
produced to form a visual effect. 
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 Fig. 5. A 12 mm × 20 mm sample produced for aesthetic purposes. The image demonstrates 
the visual effects of the nanosecond pulsed laser processing of the nanocomposite. The 
background and silver outline are processed at the laser energy fluence of 0.3 and 1.1 J/cm2, 
and the number of pulses per spot of 150 and 750, respectively. 
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